INTRODUCTION
============

Naturally occurring mutations to the muscle nicotinic acetylcholine (ACh) receptor (AChR) are one of the multiple possible causes of congenital myasthenic syndrome, a genetically and phenotypically heterogeneous disease of the neuromuscular junction that is typically manifest as increased fatigability and weakness of skeletal muscle with a distinctive electromyographic pattern ([@bib24]; [@bib34]). Specifically, AChR mutations that prolong the mean duration of individual channel activations (that is, the duration of a "burst of single-channel openings"; [@bib14]) cause a particular type of congenital myasthenic syndrome known as "slow-channel syndrome," in which the time course of the endplate-current decay is abnormally slow. Unsurprisingly, the study of the functional impact of these gain-of-function mutations has elicited considerable interest both as a step toward an understanding of the molecular basis of this type of neuromuscular disorder and as an opportunity to reveal novel properties of the AChR that may be unlikely to be stumbled upon as a result of unguided mutagenesis approaches.

Although our knowledge of the link between the observed quantitative changes in AChR function and the different clinical and histological manifestations of this pathology remains incomplete, it is clear that the slower deactivation time constant of the mutated AChRs is key. On the one hand, the prolonged time constant of the synaptic-current decay may lead to the summation of inward currents upon repetitive motor-neuron firing, resulting in sustained endplate depolarization, inactivation of muscle voltage-dependent Na^+^ channels, and, ultimately, neuromuscular blockade. On the other hand, the prolonged currents could result in an excessive Ca^2+^ load with potentially cytotoxic effects ([@bib41]), a phenomenon that may well underlie the degeneration of junctional folds typically observed in skeletal muscle biopsies from affected individuals ([@bib28]; [@bib29]).

Another aspect of AChR function that is severely compromised upon gain-of-function mutations (that is, mutations that slow down channel closing, speed up channel opening, and/or slow down ACh dissociation from the transmitter-binding sites in the closed state) is the ability to respond reliably to trains of high-frequency stimulation. Using outside-out patch clamp recordings from heterologously expressed receptors (harboring mutations that increase the diliganded-gating equilibrium constant but leave the kinetics of agonist-dissociation essentially unaffected; [@bib31], [@bib32]) and a piezo-electrically driven, fast perfusion system, we found that the response to repetitive, brief (\<1-ms) applications of ACh decreases gradually along the train, with the extent of this "depression" increasing as the frequency of the train does ([@bib22]). Furthermore, we found that (for the different constructs and at a given stimulation frequency) the slower the deactivation time course, the deeper the extent of this depression. In mechanistic terms, these observations indicate that: (a) bursts of diliganded openings can terminate not only through ligand dissociation, but also through entry into desensitization; (b) the kinetics of recovery from desensitization are such that its extent is sensitive to the duration of the applied interpulse intervals (tens to hundreds of milliseconds); and (c) desensitization can proceed from the open-diliganded conformation in such a way that mutations that slow down deactivation by increasing the CA~2~ ⇌ OA~2~ gating equilibrium constant can increase the contribution of entry into desensitization to the termination of a burst of diliganded openings ([Fig. 1](#fig1){ref-type="fig"}).

![A reaction mechanism for the muscle AChR. C, O, and D denote the closed, open, and desensitized conformations of the channel, respectively, whereas A denotes a molecule of ACh. The red arrows identify the subset of rate constants that, according to [Eq. 1](#fd1){ref-type="disp-formula"}, determine the kinetics of the macroscopic current decay through the muscle AChR during channel deactivation (or, equivalently, the mean duration of a burst of single-channel diliganded openings). The states indicated in red (CA~2~ and OA~2~) are those that would interconvert during a burst of diliganded openings.](JGP_200810089_RGB_Fig1){#fig1}

A slower deactivation (or, its single-channel counterpart, a prolonged mean burst duration; [@bib13]; [@bib62]) alone, however, need not be accompanied by a decremental response to high-frequency trains of agonist pulses because mutations may also affect the kinetics of desensitization. Certainly, a slower rate of entry into desensitization and/or a faster rate of recovery from it can compensate for the effect of a slower deactivation time constant, and thus, may result in a rather uniform response to repetitive agonist applications. One of the questions we address here is, precisely, whether the slow deactivation of naturally occurring, slow-channel syndrome AChR mutants leads to a progressive reduction of peak currents upon repetitive exposure to ACh. The importance of a positive result would be twofold. First, such depression could compromise the safety margin of the motor endplate, and thus, could contribute to the deranged neuromuscular transmission and ensuing clinical symptoms. Second, such depression would indicate that a sensible study of the impact of these mutations on the AChR\'s function could not be done unless the desensitization phenomenon is explicitly accounted for in the reaction schemes used to interpret the observations. Needless to say, kinetic models that do not include desensitized states predict a uniform response to trains of ACh pulses regardless of the value of the mean burst duration, as if the only pathway out of a burst of activity were agonist dissociation.

The other question we address here is whether the contribution of Ca^2+^ to the total cation influx through the muscle AChR (that is, the "fractional Ca^2+^ current") is altered in "slow-channel" mutants. By combining whole cell patch clamp and Ca^2+^-indicator fluorescence recordings ([@bib58]; [@bib43]; [@bib63]; [@bib61]; [@bib56]), it has been recently reported that the fractional Ca^2+^ currents through some of these disease-causing AChRs are twice as high as those through the wild-type channel ([@bib19]), a notion that would have strong implications not only for the delineation of the molecular basis of the disease, but also for our understanding of the molecular determinants of Ca^2+^ conduction through this channel. However, these measurements are inherently complex and require that a large number of variables be strictly controlled. The method, thus, becomes prone to large errors ([@bib63]) as, perhaps, reflected in the disparate values reported by different studies on the same types of ion channel (for example, [@bib57]; [@bib56]). Here, we present a simple alternative to tackle this problem. Our approach relies solely on single-channel current measurements and avoids altogether the calculation of permeability ratios from reversal potentials estimated under nonphysiological ion conditions.

MATERIALS AND METHODS
=====================

Complementary DNA (cDNA) Clones, Mutagenesis, and Heterologous Expression
-------------------------------------------------------------------------

cDNAs encoding for the α1, β1, δ, γ, and ε subunits of the mouse muscle AChR were provided by S.M. Sine (Mayo Clinic College of Medicine, Rochester, MN), whereas those encoding for the α1, β1, δ, and ε subunits of the human muscle counterpart were provided by L.G. Sivilotti (University College London, London, England, UK). cDNAs encoding for the NR1 (splice variant NR1-1a; [@bib38]) and NR2A subunits of the rat *N*-methyl-[d]{.smallcaps}-aspartate receptor (NMDAR) were provided by J. Woodward (Medical University of South Carolina, Charleston, SC). HEK-293 cells were transiently transfected using a calcium-phosphate precipitation method ([@bib47]). In the case of the cells expressing the NMDAR, the antagonist [dl]{.smallcaps}-2-amino-5-phosphonovaleric acid (final concentration, 200 µM) was added to the fresh culture medium used to replace the calcium-phosphate--DNA mixture after the overnight incubation. All the mutations to the muscle AChR were engineered on the mouse clones with the QuikChange site-directed mutagenesis kit (Agilent Technologies) and were confirmed by dideoxy sequencing. The naturally occurring "gain-of-function" mutations were αS269I, βV266M, εL221F, εT264P, and εL269F. The naturally occurring "loss-of-function" mutations were δD59K and εP121L. Unless otherwise stated, the adult muscle type of AChR was studied (that is, receptors containing α1, β1, δ, and ε subunits).

Electrophysiological Recordings
-------------------------------

Step changes in the concentration of ACh applied to outside-out patches were achieved by the rapid switching of two solutions flowing from either barrel of a piece of "theta-type" capillary glass tubing (Hilgenberg), essentially as described by [@bib40]. The theta tube was mounted on a piezo-electric device (Burleigh-LSS-3100; Exfo), the movement of which was controlled by a computer using a Digidata 1322A interface (MDS Analytical Technologies) and pClamp 9.0 software (MDS Analytical Technologies). To minimize distortions in the time course of the solution exchange, the computer-generated rectangular waveforms (brief pulses, long pulses, and trains of brief pulses) were low-pass filtered (*f*~c~ = 150--180 Hz) before being applied to the piezo-electric device. The recording chamber (designed in-house) contained two compartments that could be isolated from one another by reducing the total volume of solution in the chamber. One compartment was used for placing the poly-[l]{.smallcaps}-lysine--coated coverslip with cells, whereas the other one (the "recording compartment") was used for placing the theta tube and the patch pipette during recordings. The latter compartment was continuously perfused using a gravity-fed system, whereas the solutions flowing through the theta tube were pressure driven (ALA BPS-8; ALA Scientific Instruments). To estimate the time course of the solution exchange, the change in liquid-junction potential was measured with an open-tip patch pipette ([Fig. 2](#fig2){ref-type="fig"}). In the case of the outside-out patch clamp recordings performed to gather single-channel I-V data, a fast solution exchange was not required, and hence, the recording compartment was perfused manually. All other recordings were performed in the cell-attached configuration. Both macroscopic and single-channel currents were recorded using an Axopatch 200B amplifier (MDS Analytical Technologies) at room temperature (∼22°C) and were digitized at 100 kHz. Series resistance compensation was used and set to 70--80% during all macroscopic recordings. The effective bandwidth before data analysis was DC--5 kHz for macroscopic currents and DC--20 kHz for single-channel currents. During the experiments aimed at characterizing the Ca^2+^ currents through mutant and wild-type receptors, different voltages were applied to cell-attached or outside-out patches to generate single-channel I-V curves. During all other experiments, the applied potential was fixed at −80 mV (negative inside the cell).

![Calibration of the solution-switching system. The different parameters of the solution-switching system (that is, diameter of the theta tube openings, relative positioning of the theta tube and patch pipette, rate of solution flow, and bandwidth of the computer-generated waveform) were adjusted so as to optimize the time course of the solution exchange. The latter was estimated by measuring the liquid-junction potential by alternatively exposing the tip of an open pipette (containing 150 mM K-aspartate and 20 mM KCl) to 1 M KCl (for 0.8 ms) and 150 mM KCl (for 10 ms) solutions. (A) Representative train of 93 pulses of 1 M KCl delivered at ∼100 Hz. (B) The train in A was segmented into two-pulse segments, and these were aligned and averaged (red trace). (C) The first half of the traces in B is magnified to emphasize the rise time during the onset and the offset, as well as the duration of each pulse.](JGP_200810089_RGB_Fig2){#fig2}

Solutions
---------

In the case of the concentration-jump experiments, the solution flowing through both barrels of the theta tube and through the gravity-fed perfusion contained the following (in mM): 142 KCl, 5.4 NaCl, 1.8 CaCl~2~, 1.7 MgCl~2~, and 10 HEPES/KOH, pH 7.4. In addition, the solution flowing through one of the theta tube barrels also contained ACh (1 mM in the case of the severe loss-of-function εP121L mutant and 100 µM in all other cases). The pipette solution was either the same KCl-based solution used to perfuse the patches or a KF, low divalent cation solution consisting of the following (in mM): 100 KF, 40 KCl, 1 CaCl~2~, 11 EGTA, and 10 HEPES/KOH, pH 7.4; this KF-based solution improved the stability of the membrane patches. In the case of the outside-out current recordings aimed at obtaining data for single-AChR I-V relationships, both the pipette solution and that bathing the external aspect of the patches consisted of the following (in mM): 150 NaCl, 1.7 MgCl~2~, 10 HEPES/KOH, pH 7.4, and the indicated concentration of Ca^2+^ added as CaCl~2~. This NaCl-based solution with variable CaCl~2~ was also used in the pipette during the recording of single-AChR I-V data in the cell-attached configuration. All I-V data from the AChR were recorded in the presence of 1 µM of extracellular ACh either in the pipette or the bath, depending on the configuration. Single-channel I-V data from the NMDAR were recorded in the cell-attached configuration using a nominally Mg^2+^-free pipette solution consisting of the following (in mM): 150 NaCl, 0.1 glutamate, 0.1 glycine, 10 HEPES/KOH, pH 7.4, and the indicated concentration of Ca^2+^ added as CaCl~2~. Osmolarity differences arising from the variable Ca^2+^ concentrations were not compensated. During recordings in the cell-attached configuration, the cells were bathed in a depolarizing KCl solution consisting of the following (in mM): 142 KCl, 5.4 NaCl, 1.8 CaCl~2~, 1.7 MgCl~2~, and 10 HEPES/KOH, pH 7.4. During outside-out experiments, the cells were bathed in an "extracellular-like" NaCl solution consisting of the following (in mM): 137 NaCl, 2.7 KCl, 0.9 CaCl~2~, 0.5 MgCl~2~, 8 Na~2~HPO~4~, and 1.5 mM KH~2~PO~4~, titrated to pH 7.3 with HCl.

Data Analysis
-------------

Macroscopic currents in response to step changes in the concentration of ACh were analyzed using a combination of pClamp 9.0 (MDS Analytical Technologies), SigmaPlot 7.101 (SPSS Inc.), and in-house--developed programs, whereas single-channel currents were analyzed using the SKM option in QuB software ([@bib49]; [@bib48]; <http://www.qub.buffalo.edu>) and SigmaPlot 7.101 (SPSS Inc.).

The kinetics of ACh-elicited currents through the muscle AChR were analyzed in the framework of the reaction scheme shown in [Fig. 1](#fig1){ref-type="fig"}, according to which the transmitter-binding sites can be unliganded, monoliganded, or diliganded, and the conformation of the channel can be closed, open, or desensitized. For simplicity, only one of the (probably several) desensitized conformations is included in the model. Also, the two neurotransmitter-binding sites are assumed to be functionally equivalent and, therefore, the two possible monoliganded configurations are considered to be functionally indistinguishable. These simplifications have no consequences on the interpretation of our data.

The time constant of the macroscopic-current decay upon stepping the concentration of ACh from saturating to zero (that is, during channel deactivation) coincides with the mean duration of a burst of single-channel fully liganded openings ([@bib13]; [@bib62]). According to [Fig. 1](#fig1){ref-type="fig"}, such a "burst" consists of several consecutive CA~2~ ⇌ OA~2~ interconversions terminated by ACh dissociation or entry into desensitization. Hence, the mean duration of a burst is largely determined by the rate constants of diliganded channel gating, agonist dissociation (from CA~2~ or OA~2~), and entry into desensitization (from CA~2~ or OA~2~). In the muscle AChR, ACh dissociation proceeds mainly from CA~2~, but some dissociation from OA~2~ cannot be completely ruled out ([@bib32]). Similarly, experimental data strongly suggest that entry into desensitization can proceed from OA~2~ ([@bib2]; [@bib22]), but whether it cannot proceed at all from CA~2~ is more difficult to ascertain. Throughout the rest of this paper, we assume that desensitization of diliganded AChRs can only occur from OA~2~, for simplicity. It is clear, from our earlier work, that the increased contribution of entry into desensitization to deactivation observed for mutants with increased diliganded-gating equilibrium constant corresponds to desensitization arising from OA~2~, but we cannot rule out that these receptors also desensitize from CA~2~, at least to some degree. Again, this simplification has no consequences whatsoever on the conclusions of this work. Thus, neglecting entry into desensitization from CA~2~, and taking into account that, in the cases of the wild-type and gain-of-function mutant AChRs studied here, most of the length of a burst is spent in the open state, the mathematical expression for the deactivation time constant is given by ([@bib22]):where the symbols are defined in [Fig. 1](#fig1){ref-type="fig"}, and where the probability of a burst of single-channel diliganded openings being terminated by entry into desensitization, rather than by agonist dissociation, is given by the product of D~+~ and τ~deactivation~. Hence, the slower the deactivation time course, the larger the contribution of desensitization to the termination of a burst. Adult mouse muscle wild-type values for the rate constants in [Eq. 1](#fd1){ref-type="disp-formula"} are β~2~ ≅ 50,000 s^−1^, α~2~ ≅ 2,000 s^−1^, 2k~-~ ≅ 50,000 s^−1^, 2j~-~ \< 10 s^−1^, and D~+~ ≅ 25 s^−1^. Therefore, in the case of the adult wild-type AChR (but, clearly, not in the case of gain-of-function mutants), [Eq. 1](#fd1){ref-type="disp-formula"} may be considered to reduce to \[(1+β~2~/2k~−~)/α~2~\], the more familiar expression of [@bib12].

Experimentally, the kinetics of deactivation were estimated by exposing outside-out patches to low-frequency trains of ∼0.8-ms pulses of ACh (1 mM for εP121L and 100 µM for all other constructs) at −80 mV. All traces within a train were aligned and averaged, and the decaying phase was fitted (least-squares method) from the peak of the current until the end of the transient with a mono-exponential function ([Table I](#tbl1){ref-type="table"}). The frequency of such trains varied among constructs and was chosen so as to minimize the fading of the response.

###### 

Kinetic Parameters of a Set of Wild-type AChRs and Naturally Occurring Mutants

  Construct                    τ~deactivation~ (ms)[a](#tblfn1){ref-type="table-fn"}   t~1/2,\ desensitization~ (ms)[b](#tblfn2){ref-type="table-fn"}   Paired-pulse τ~recovery~ (ms)[c](#tblfn3){ref-type="table-fn"}   Train τ~recovery~ (ms)[d](#tblfn4){ref-type="table-fn"}
  ---------------------------- ------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------
  εP121L (adult, mouse)        0.37 ± 0.02 (7)                                         66 ± 10 (9)                                                      101 ± 18 (6)                                                     ND[e](#tblfn5){ref-type="table-fn"}
  δD59K (adult, mouse)         0.92 ± 0.08 (10)                                        38 ± 7 (7)                                                       71 ± 5 (3)                                                       ND
  wild-type/ε (adult, mouse)   0.98 ± 0.06 (25)                                        22 ± 3 (13)                                                      306 ± 19 (5)                                                     500 (6)
  wild-type/γ (fetal, mouse)   4.5 ± 0.5 (10)                                          31 ± 12 (3)                                                      290 ± 33 (4)                                                     167 (4)
  βV266M (adult, mouse)        5.4 ± 0.1 (10)                                          38 ± 6 (4)                                                       279 ± 26 (2)                                                     167 (4)
  εL221F (adult, mouse)        6.6 ± 0.4 (17)                                          34 ± 12 (4)                                                      466 ± 21 (4)                                                     1,333 (8)
  αS269I (adult, mouse)        9.2 ± 0.7 (10)                                          20 ± 4 (9)                                                       552 ± 29 (5)                                                     667 (4)
  εL269F (adult, mouse)        19 ± 2 (11)                                             28 ± 5 (10)                                                      1,830 ± 170 (5)                                                  1,000 (7)
  εT264P (adult, mouse)        21 ± 1 (29)                                             99 ± 10 (11)                                                     742 ± 37 (2)                                                     1,000 (8)

Deactivation time constants estimated from mono-exponential fits. The numbers in parentheses indicate the number of low-frequency trains of 0.8-ms ACh pulses analyzed. Each train consisted of at least 10 pulses, the responses to which were averaged and fitted. Average values across trains are given as mean ± SE.

Desensitization half-times. In some cases, the time course of entry into desensitization was best fitted with two, rather than one, exponential components. Hence, to facilitate the comparison, the parameters of these fits (whether single or double exponential) were used to numerically solve for the corresponding desensitization half-times (that is, the time taken for the current decay to be half-complete). The numbers in parentheses indicate the number of analyzed responses. Average values are given as mean ± SE.

Recovery from desensitization time constants estimated from the response to paired-pulse protocols. The numbers in parentheses indicate the number of independent experiments analyzed to generate the plots in [Fig. 3 C](#fig3){ref-type="fig"}.

Recovery from desensitization time constants estimated from the fitting of the plots in [Fig. 5](#fig5){ref-type="fig"} as described in Materials and methods. The best-fit values were identified by manually adjusting the unknown parameter, and standard errors were not estimated.

Not determined. This parameter was estimated only for wild-type and slow-channel mutant AChRs.

The kinetics of entry into desensitization were estimated by exposing outside-out patches to ∼2-s pulses of 1 mM (εP121L) or 100 µM ACh (all other constructs) at −80 mV. The decaying phase of these current transients were fitted (least-squares method) from the peak of the currents until the end of the 2-s ACh applications with one or two exponential components. The parameters of these exponential fits were used to calculate "desensitization half-times"; this is the way in which the kinetics of entry into desensitization are expressed in [Table I](#tbl1){ref-type="table"}. The use of these phenomenological "half-times" was necessary because we needed to somehow compare the time courses of desensitization of the analyzed constructs. And although the wild-type AChR and some of the slow-channel mutants desensitize following a mono-exponential time course, others do so with double-exponential kinetics (this was also the case for the set of gain-of-function mutations at the δM2 12′ position studied by us previously; [@bib22]). Of course, when a time course is best described by a double-exponential function, nothing exact can be done to compare it with the kinetics of a mono-exponential time course. We found, however, that the half-decay times calculated from the parameters of the double-exponential fits provide an excellent approximation to the desensitization time course during the first tens of milliseconds. In other words, when we plot the experimentally obtained double-exponential desensitization decays and the mono-exponential decays calculated from the respective t~1/2~ values (t~1/2~/*ln*2, more precisely), we find a very close agreement between both curves during the first tens of milliseconds. After these initial milliseconds, the time courses deviate from one another, but it is these initial tens of milliseconds that matter in the context of the 50-Hz trains (that is, 20-ms interpulse intervals) applied here. Hence, mono- and double-exponential desensitization time courses are compared using their corresponding half-times. A double-exponential time course of entry into desensitization with a near-zero current at equilibrium suggests the existence of, at least, two desensitized conformations of different stability. On average, in the sustained presence of a high concentration of ACh, the least stable desensitized state would be visited several times by an actively opening and closing AChR before the more stable desensitized conformation is finally reached.

The kinetics of recovery from desensitization were estimated using pairs of conditioning and test pulses (1 s and 100 ms in duration, respectively) of 1 mM (εP121L) or 100 µM ACh (all other constructs), separated by ACh-free intervals of variable length, at −80 mV. Because desensitization was nearly complete at the end of each conditioning pulse, the fraction of recovered AChRs could be well approximated by the ratio between the peak-current elicited by the test pulse and that elicited by the conditioning pulse in each pair. The interval between any two consecutive pairs of pulses was ≥10 s to ensure complete recovery from desensitization. Plots of recovered fraction of receptors as a function of the duration of the interpulse interval were well fitted with mono-exponential rise functions ( Recovered fraction = 1 − exp(−t/τ) ) despite the multiple steps that must be involved in the recovery of ACh-diliganded desensitized receptors after ACh removal. The time constants corresponding to the different AChR constructs studied here are listed in [Table I](#tbl1){ref-type="table"}. It could be argued, however, that the kinetics of recovery from the desensitized state(s) reached upon exposure of the AChR to high concentrations of ACh for 1 s may not be representative of the kinetics of recovery that are relevant during application of trains of ∼0.8-ms pulses of ACh. Indeed, it has been reported that the longer the exposure to high concentrations of ACh, the slower the kinetics of recovery on removal of the agonist ([@bib51]), as if a prolonged interaction of the desensitized receptor with ACh favored the transition to increasingly more stable desensitized conformations. To address this issue, we applied a second method to estimate the kinetics of recovery. This method is based on the notion that the response of the AChR to trains of brief pulses of saturating ACh can be kinetically modeled using a cyclic three-state scheme in which several of the states shown in [Fig. 1](#fig1){ref-type="fig"} are conveniently grouped ([@bib22]). According to this "triangular" model, during the brief (\<1-ms) pulses of saturating ACh, the AChR dwells in "activated states" (CA~2~ and OA~2~) and, upon ACh washout, the receptor relaxes to either "activatable" (CA and C) or desensitized states (DA~2~, DA, and D). During the ACh-free interpulse intervals, the desensitized AChR can lose the bound ACh and close ("recover"), thus joining the pool of activatable receptors. Finally, we assume that all of the AChRs that are in activatable states by the end of each interpulse interval are converted into activated AChRs on application of the following pulse of saturating ACh, an assumption that follows from the known kinetic properties of the wild-type and mutant AChRs tested here. In the framework of this model, the rates at which the activated states relax into activatable or desensitized states can be calculated from the experimentally estimated time constants of deactivation and desensitization; the only unknown kinetic parameter, then, is the rate of recovery during the interpulse intervals. The mathematical expression for the fraction of receptors in activated states at the beginning of each ACh pulse was derived analytically (using the three-state kinetic scheme), and the rate of recovery of each construct was adjusted manually until a satisfactory fit (as judged by eye) to the experimental data shown in [Fig. 5](#fig5){ref-type="fig"} was reached. These recovery rates, expressed as their reciprocals, are presented in [Table I](#tbl1){ref-type="table"} for comparison with the recovery time constants estimated from paired-pulse experiments. More details as to the methodological aspects of this approach are presented in [@bib22].

RESULTS
=======

Slow-Channel Syndrome Mutants Desensitize upon ACh Removal
----------------------------------------------------------

Application of high-frequency trains of brief ACh pulses to wild-type and laboratory-engineered gain-of-function mutant receptors (a series of single--amino acid replacements at the 12′ position of the pore-lining M2 segment of the δ subunit) confirmed the notion that the AChR can desensitize upon agonist removal ([@bib22]). As expected from all we know about this receptor channel (for example, [@bib20]), the extent of desensitization during deactivation was found to be small in the wild type. However, as can be predicted from [Fig. 1](#fig1){ref-type="fig"} and [Eq. 1](#fd1){ref-type="disp-formula"}, this depression became more profound as the deactivation time constant was increasingly prolonged by mutations. It should be noted here that the duration of the ACh pulses (∼0.8 ms) is too short for desensitization to be appreciable within each pulse. Instead, virtually all of the desensitization takes place after removing the agonist, as one of the pathways for burst termination, during the much longer interpulse intervals.

Slow-channel syndrome mutants also deactivate more slowly than the wild type ([@bib24]), and thus, could also be thought to desensitize appreciably on agonist removal. However, as mentioned above, generalizations as to the extent of desensitization within a high-frequency train of ACh pulses cannot be made solely on the basis of deactivation time-constant values (or, equivalently, single-channel mean burst durations) because mutations may affect the kinetics of desensitization as well. Hence, the kinetics of desensitization and/or the response to repetitive applications of agonist need to be studied for each individual mutant.

We set out to investigate a panel of five slow-channel mutations in different subunits and regions of the AChR: αS269I ([@bib17]), in the linker between the M2 and M3 transmembrane segments; βV266M ([@bib23]), in M2; εL221F ([@bib16]; [@bib36]), in the linker between β-strand 10 and M1; εT264P ([@bib44]), in M2; and εL269F ([@bib27]; [@bib23]), also in M2. As a negative control, we also studied two naturally occurring mutants with faster kinetics of deactivation (and which cause another variant of the congenital myasthenic syndrome known as "fast-channel syndrome"). These were δD59K (δE59K, in humans; [@bib7]), close to loop D of the N-terminal extracellular domain, and εP121L ([@bib45]), near the cysteine loop.

[Fig. 3](#fig3){ref-type="fig"} shows the response of multichannel outside-out patches to brief pulses ([Fig. 3 A](#fig3){ref-type="fig"}), long pulses ([Fig. 3 B](#fig3){ref-type="fig"}), and pairs of conditioning and test pulses of ACh ([Fig. 3 C](#fig3){ref-type="fig"}). Analysis of these data yielded time constants of deactivation, entry into desensitization, and recovery from desensitization, respectively ([Table I](#tbl1){ref-type="table"}). [Fig. 4](#fig4){ref-type="fig"} shows some representative responses to trains of ACh pulses delivered at a frequency of 50 Hz (a physiologically relevant frequency in the context of the neuromuscular junction; [@bib37]), and [Fig. 5](#fig5){ref-type="fig"} shows their normalized peak-current values, averaged over several experiments. Inspection of the kinetic parameters in [Table I](#tbl1){ref-type="table"} reveals that it is mostly the kinetics of deactivation that are affected by these naturally occurring mutations. The kinetics of entry into and recovery from desensitization are affected to a lesser extent, and in some cases, these changes would even accentuate the depression (such as the slower recovery from desensitization of some of the mutants). Thus, the response to successive applications of ACh decreases along the trains ([Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}), with the degree of depression roughly mirroring the constructs' deactivation time constants, exactly as expected from a channel that can desensitize from the open-diliganded conformation. Indeed, the two faster than wild-type mutants, δD59K and εP121L ([Table I](#tbl1){ref-type="table"}), display very little (εP121L), if any (δD59K), depression. Notably, the deactivation time constant of the εT264P mutant is so much longer than the wild type\'s (a factor of ∼20) that, even though its entry into desensitization rate is slower by a factor of ∼4, the response to a 50-Hz train of ACh pulses still decreases markedly.

![Kinetics of mouse muscle AChR deactivation, entry into desensitization, and recovery from desensitization. (A) Kinetics of deactivation. Each plotted trace is the average response of a patch to several 0.8-ms pulses of ACh (100 such pulses for εP121L, 5 for εL269F, and 10 for all other constructs) applied as low-frequency trains. The deactivation time constants, estimated from mono-exponential fits to the decaying phase of these plots, were in turn averaged over several such trains and are listed in [Table I](#tbl1){ref-type="table"}. (B) Kinetics of entry into desensitization. For clarity, only the responses of some of the studied constructs to the 2-s pulses of ACh are shown. Only the first 450 ms of these responses are displayed. The parameters estimated from the exponential fits to the decaying phase of these time courses were used to calculate desensitization half-times (see Materials and methods). The corresponding averages, over several responses per construct, are listed in [Table I](#tbl1){ref-type="table"}. (C) Kinetics of recovery from desensitization estimated using pairs of conditioning (1-s) and test (100-ms) pulses of ACh. The color key is the same as in A. Vertical error bars are standard errors calculated from the results of several independent experiments. The time constants of mono-exponential rise fits to the plots of recovered fraction as a function of the duration of the interpulse intervals (see Materials and methods) are listed in [Table I](#tbl1){ref-type="table"}. The concentration of ACh applied during the pulses, in all three panels, was 1 mM in the case of the severe loss-of-function εP121L mutant and 100 µM in all other cases.](JGP_200810089_RGB_Fig3){#fig3}

![Slow-channel syndrome AChRs desensitize during deactivation. (A--I) Example current traces recorded from individual outside-out patches. Each panel shows the response of a different mouse muscle AChR construct to the application of a 50-Hz train of 0.8-ms ACh pulses (1 mM in A and 100 µM in B--I). One such train is indicated in A above the current trace. The zero-current level is indicated, on each trace, with a dotted line. The plots are presented in increasing order of deactivation time constant ([Table I](#tbl1){ref-type="table"}). The prediction (made on the basis of the kinetic scheme in [Fig. 1](#fig1){ref-type="fig"} and [Eq. 1](#fd1){ref-type="disp-formula"}) that the slower the deactivation time course the more pronounced the depression is borne out by these recordings. Of course, because the kinetics of entry into and recovery from desensitization are not completely unaffected by the mutations ([Table I](#tbl1){ref-type="table"}), this relationship cannot be perfect. However, the trend is undoubtedly clear (see also [Fig. 5](#fig5){ref-type="fig"}).](JGP_200810089R_LW_Fig4){#fig4}

![Depression of ACh-evoked currents upon repetitive stimulation. (A--I) Peak-current values in response to 50-Hz trains of 0.8-ms ACh pulses were normalized with respect to the first peak in each series and averaged across replicate experiments. The number of averaged responses (*n*) is indicated for each construct. Vertical error bars are standard errors. Example current traces are given in [Fig. 4](#fig4){ref-type="fig"}. The red circles correspond to the fits from which estimates of the rate of recovery from desensitization within a train of ACh pulses were obtained (see Materials and methods). These values are expressed as time constants in [Table I](#tbl1){ref-type="table"}. These fits were performed only for the wild-type and gain-of-function mutant AChRs.](JGP_200810089_RGB_Fig5){#fig5}

The recovery time constants estimated using a classical two-pulse protocol with a 1-s conditioning pulse ([Fig. 3 C](#fig3){ref-type="fig"}) could well be irrelevant if it is the kinetics of recovery during the repetitive (50 Hz) application of \<1-ms pulses that matter. To clarify this point, we fitted the data in [Fig. 5](#fig5){ref-type="fig"} with a simplified kinetic scheme that groups all possible states of the AChR in [Fig. 1](#fig1){ref-type="fig"} into activated (CA~2~ and OA~2~), activatable (CA and C), and desensitized classes (DA~2~, DA, and D; see Materials and methods). Evidently (everything else being equal), the slower the kinetics of recovery, the more pronounced the decline of the current response. The fits are shown in [Fig. 5](#fig5){ref-type="fig"} and the estimated recovery time constants are listed in [Table I](#tbl1){ref-type="table"} for comparison to those obtained from paired-pulse experiments. On the one hand, inspection of these values reinforces the notion that the kinetics of recovery from desensitization change much less upon mutation than those governing deactivation. On the other hand, the fact that these two types of "recovery time constants" differ numerically so little from each other is surprising, especially considering that, in one case, the desensitized conformation(s) is (are) reached under the continuous presence of ACh (during the 1-s conditioning pulses), whereas, in the other case, desensitization takes place during the ACh-free, 20-ms interpulse intervals. It is likely that incubations with ACh longer than 1 s are needed for this channel to attain the more reluctant to recover desensitized conformations that have been reported for the muscle AChR ([@bib51]).

As a further control for these experiments, we exposed two of the slow-channel mutants (εL221F and εT264P) to trains of ACh pulses delivered at different frequencies, from 2.5 to 100 Hz ([Fig. 6](#fig6){ref-type="fig"}). Reassuringly, the recordings show that the higher the frequency, the deeper the steady-state depression, exactly as expected if this progressive attenuation of the currents were due to the accumulation of channels in the desensitized state. Finally, in an attempt to mimic the heterozygous state of mutations, we cotransfected HEK-293 cells with wild-type and L269F ε-subunit cDNAs in equimolar proportions (in addition to α1-, β1-, and δ-subunit cDNAs). As could be anticipated if the two alternative constructs expressed with the same efficiency, the response of the "heterozygous patches" is almost exactly halfway between those of patches expressing only wild-type or only L269F ε-subunits ([Fig. 7](#fig7){ref-type="fig"}; see also [Fig. 5](#fig5){ref-type="fig"}).

![Frequency dependence of the AChR response to trains of ACh pulses. (A and B) Normalized current responses of two slow-channel syndrome mutants to trains of 0.8-ms pulses of 100 µM ACh delivered at different frequencies. The responses to several trains at each frequency were averaged. Vertical error bars are standard errors. In A, the number of averaged trains was 3 at 2.5, 5 and 10 Hz, 10 at 25 Hz, and 8 at 50 and 100 Hz. In B, the number of averaged trains was 6 at 2.5 and 10 Hz, 5 at 5 Hz, 14 at 25 Hz, 8 at 50 Hz, and 7 at 100 Hz. The y-axis value corresponding to the first pulse in each train (black symbol) is the same for all trains.](JGP_200810089_RGB_Fig6){#fig6}

![Mimicking the heterozygous state of a slow-channel mutation. Normalized current responses of outside-out patches excised from cells expressing a mixture of both wild-type and L269F ε-subunits (along with all other mouse muscle AChR wild-type subunits) to trains of 0.8-ms pulses of 100 µM ACh delivered at 50 Hz. In these experiments, each train consisted of 100 pulses. Vertical error bars are standard errors. The responses to five trains were averaged.](JGP_200810089_LW_Fig7){#fig7}

Because the slow-channel mutations studied here were engineered on the corresponding mouse AChR cDNA clones, it seemed prudent to validate this approach by analyzing the behavior of the human receptor. [Fig. 8](#fig8){ref-type="fig"} compares the kinetics of deactivation, entry into desensitization, and recovery from desensitization of these two muscle- and adult-type AChRs. For the human receptor: τ~deactivation~ = (1.3 ± 0.06) ms (*n* = 16 trains); t~1/2,\ desensitization~ = (16 ± 2) ms (*n* = 10 pulses); and paired-pulse τ~recovery~ = (397 ± 28) ms (data from six patches). We also compared the responses to trains of ACh pulses delivered at 50 Hz ([Fig. 9](#fig9){ref-type="fig"}); for the human receptor, train τ~recovery~ = 385 ms (*n* = 7 trains).10 The close agreement between the values of these kinetic parameters in humans and mice ([Table I](#tbl1){ref-type="table"}) amply justifies our use of the mouse clones to elucidate the molecular basis of this human condition. Of particular interest, note that under the repetitive exposure to ACh illustrated in [Fig. 9](#fig9){ref-type="fig"}, only ∼50% of the human receptors remain activatable after ∼25 pulses; the response of the mouse AChR depresses less deeply, with ∼65% of the receptors remaining activatable after ∼25 pulses. The somewhat slower deactivation time course and faster entry into desensitization of the human counterpart can account for the observed increased attenuation of the currents.

![Comparison of the kinetics of AChR deactivation, entry into desensitization, and recovery from desensitization in human and mouse muscle wild-type AChRs. (A) Kinetics of deactivation. Each plotted trace is the average response of a patch to 10 0.8-ms pulses of 100 µM ACh applied as low-frequency trains. Only the decaying phase is displayed to emphasize the slower decay time course of the human receptor. (B) Kinetics of entry into desensitization. Only the first ∼125 ms of these responses to 100 µM ACh are displayed. The color key is the same as in A. (C) Kinetics of recovery from desensitization estimated using pairs of conditioning (1-s) and test (100-ms) pulses of 100 µM ACh. Vertical error bars are standard errors calculated from the results of several independent experiments. The color key is the same as in A. All kinetic parameters were estimated as indicated in Materials and methods.](JGP_200810089_RGB_Fig8){#fig8}

![Depression of ACh-evoked currents through human and mouse muscle wild-type AChRs. (A) Example current trace recorded from an outside-out patch containing human muscle wild-type AChRs exposed to a 50-Hz train of 0.8-ms ACh pulses (100 µM). The train of pulses is indicated above the current recording. (B) Peak-current values in response to the applied 50-Hz trains were normalized with respect to the first peak in each series and averaged across replicate experiments (six for the mouse AChR and seven for the human counterpart). Vertical error bars are standard errors. The orange circles superimposed on the human AChR data points correspond to the fit from which the estimate of the rate of recovery from desensitization within a train of ACh pulses was obtained (see Materials and methods). The corresponding fit to the mouse AChR data points is shown in [Fig. 5](#fig5){ref-type="fig"}.](JGP_200810089_RGB_Fig9){#fig9}

Slow-Channel Mutants Conduct Ca^2+^ as Fast as the Wild-type AChR
-----------------------------------------------------------------

Although the molecular determinants of cation versus anion selectivity in the AChR\'s (and all other Cys-loop receptors') permeation pathway are limited quite narrowly to only a few positions on the cytoplasmic end of the pore-lining M2 segments ([@bib26]; [@bib15]), the determinants of Ca^2+^ conduction have been reported to be scattered along, and even outside, the pore domain (for example, [@bib6]). Hence, the suggestion that some slow-channel mutants display an increased Ca^2+^ permeability, and that this increased permeability intensifies the Ca^2+^ overload of the motor endplate ([@bib19]), seems plausible and worth investigating.

When it comes to characterizing the relative permeability of Ca^2+^ through an ion channel in a physiological context, the concept of fractional Ca^2+^ currents (that is, the fraction of the total current that is carried by Ca^2+^ under physiological membrane potential and ion conditions) seems far more appropriate than the use of permeability ratios calculated from reversal potentials using the Goldman-Hodgkin-Katz voltage equation. Fractional Ca^2+^ currents have been typically estimated from the combined application of whole cell current recordings and Ca^2+^-influx measurements using Ca^2+^ chelators that change their fluorescent properties upon complex formation ([@bib58]; [@bib43]; [@bib63]; [@bib61]). The accurate estimation of Ca^2+^ influx, however, is not straightforward. On the one hand, the cytosolic concentration of Ca^2+^ is not only determined by its influx through the channel under study, but it also depends on the activity of cellular Ca^2+^-buffering systems and other Ca^2+^-transport membrane proteins. On the other hand, the entry of Ca^2+^ into the cell can elicit Ca^2+^-activated conductances that may contribute undesired currents to the whole cell recordings. Finally, the specific calibration approach followed to transform the units of fluorescence into values of Ca^2+^ influx seems to be an added source of discrepancy among the values of fractional Ca^2+^ currents reported in the literature ([@bib53]; [@bib56]).

Given this scenario, we decided to apply an alternative method to estimate the magnitude of the Ca^2+^ currents through the muscle AChR heterologously expressed in HEK-293 cells. Our approach consisted of the measurement of single-channel I-V curves in the cell-attached configuration with a physiological concentration of Na^+^ and Mg^2+^ in the pipette (that is, the extracellular side) and with varying concentrations of Ca^2+^ (from nominally zero to saturating). A simultaneous fit of all the I-V data with a model that assumes that K^+^ (from the cytosol), Na^+^, Mg^2+^, and Ca^2+^ compete for a single site in the permeation pathway yields estimates of the three unknown parameters, namely, the single-channel conductance in the absence of Ca^2+^ ( γ~Na^+^−Mg^2+^~ ; we name this parameter after the predominant current carriers at the assayed hyperpolarized potentials), the single-channel conductance in the presence of saturating Ca^2+^ ( γ~Ca^2+^~ ), and the (reciprocal of the) apparent affinity of Ca^2+^ for the site in the channel\'s pore in the presence of physiological concentrations of Na^+^ and Mg^2+^ ( K[d]{.smallcaps}~Ca^2+^~ ). From these values, the composition of the total current (*i*~total~) in terms of the amount carried by the Na^+^--Mg^2+^ mixture ( *i*~Na^+^−Mg^2+^~ ) and the amount carried by Ca^2+^ ( *i*~Ca^2+^~ ) can be calculated at any (hyperpolarized) membrane potential (*V*) and extracellular Ca^2+^ activity ( *a*Ca~o~^2+^ ). From this composition, in turn, the fraction of the total current carried by Ca^2+^ can, also, be easily obtained. Because we used a saturating concentration of Na^+^ in the pipette solution (150 mM; [Fig. 10](#fig10){ref-type="fig"}), the probability of the pore\'s cation-binding site being occupied was near unity at all values of \[Ca^2+^\]~o~ and voltages. Under these conditions, the equations take the following trivial forms:andwhere the ratios *a*Ca^2+^/(K[d]{.smallcaps}~Ca^2+^~+*a*Ca^2+^) and K[d]{.smallcaps}~Ca^2+^~/(K[d]{.smallcaps}~Ca^2+^~+*a*Ca^2+^) give the probabilities of the (phenomenologically defined) cation-binding site in the pore being occupied by Ca^2+^ or by a permeant cation other than Ca^2+^, respectively. Further, the extracellular Ca^2+^ activity ( *a*Ca~o~^2+^ ) was calculated as the product of the extracellular molarity of calcium ions (\[Ca^2+^\]~o~, which is very close to the corresponding molality, for the solutions we used here) and the square of the mean activity coefficient of CaCl~2~ in the presence of 150 mM NaCl, following the work of [@bib9] and using values tabulated in [@bib52].

![150 mM Na^+^ saturates the permeation pathway of the AChR and the NMDAR. I-V curves recorded in the cell-attached configuration with either 150 or 600 mM NaCl in the pipette solution. For both channels, the pipette solution was pH buffered with 10 mM HEPES/KOH, pH 7.4, and was nominally Ca^2+^ and Mg^2+^ free. (A) Adult mouse wild-type AChR. γ~150\ mM\ NaCl~ = 89 ± 0.6 pS; γ~600\ mM\ NaCl~ = 96 ± 0.5 pS. (B) NR1-NR2A rat wild-type NMDAR. γ~150\ mM\ NaCl~ = 81 ± 0.5 pS; γ~600\ mM\ NaCl~ = 89 ± 0.5 pS. To facilitate the visual comparison of slopes, each I-V relationship was displaced along the voltage axis so that it extrapolates to the origin. As expected from nonselective cation channels, the cell-attached curves recorded in the presence of 600 mM NaCl in the pipette were shifted to the right of those recorded with 150 mM NaCl.](JGP_200810089_RGB_Fig10){#fig10}

[Fig. 11](#fig11){ref-type="fig"} shows I-V data, recorded in the cell-attached configuration, for the slow-channel mutants studied in the previous section of this paper and for several wild-type AChRs. [Fig. 12](#fig12){ref-type="fig"} shows some representative single-channel traces, and [Table II](#tbl2){ref-type="table"} shows the fitted values of γ~Ca^2+^~, γ~Na^+^−Mg^2+^~, and K[d]{.smallcaps}~Ca^2+^~, and the calculated values of the single-channel conductance of the current carried by Ca^2+^ at \[Ca^2+^\]~o~ = 1.8 mM (and in the additional presence of 150 mM NaCl and 1.7 mM MgCl~2~ in the pipette), using [Eq. 4](#fd4){ref-type="disp-formula"}, and the fraction of the total current that, under these physiological ion conditions, this Ca^2+^-carried current represents, using [Eq. 5](#fd5){ref-type="disp-formula"}. As an alternative way of judging the goodness of the fit of [Eqs. 2](#fd2){ref-type="disp-formula"}--[4](#fd4){ref-type="disp-formula"} to the I-V results in [Fig. 11](#fig11){ref-type="fig"}, [Fig. 13](#fig13){ref-type="fig"} plots the single-channel conductance as a function of *a*Ca~o~^2+^, with the slopes of the individual I-V plots superimposed on the computed functions. [Fig. 14](#fig14){ref-type="fig"} shows how the fractional contribution of Ca^2+^ to the total single-channel inward currents grows, from zero to unity, as *a*Ca~o~^2+^ increases, using [Eq. 5](#fd5){ref-type="disp-formula"} and the values shown in [Table II](#tbl2){ref-type="table"}.

###### 

Interaction between Ca^2+^ and the Channel\'s Pore in the AChR and NMDAR

  Construct                         γ~Na^+^−Mg^2+^~ (pS)[a](#tblfn6){ref-type="table-fn"}   γ~Ca^2+^~ (pS)[b](#tblfn7){ref-type="table-fn"}   K[d]{.smallcaps}~Ca^2+^~ (mM; activity)[c](#tblfn8){ref-type="table-fn"}   K[d]{.smallcaps}′~Ca^2+^~ (mM; concentration)[d](#tblfn9){ref-type="table-fn"}   Physiological Ca^2+^ conductance (pS)[e](#tblfn10){ref-type="table-fn"}   Physiological fractional Ca^2+^ current (%)[f](#tblfn11){ref-type="table-fn"}
  --------------------------------- ------------------------------------------------------- ------------------------------------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------------- ------------------------------------------------------------------------- -------------------------------------------------------------------------------
  wild-type/γ AChR (fetal, mouse)   46 ± 0.1                                                24 ± 0.1                                          1.16 ± 0.04                                                                4.0                                                                              7.5 ± 0.2                                                                 19.3 ± 0.5
  wild-type/ε AChR (adult, mouse)   66 ± 0.1                                                36 ± 0.2                                          1.53 ± 0.05                                                                5.3                                                                              9.4 ± 0.2                                                                 16.3 ± 0.5
  wild-type/ε AChR (adult, human)   73 ± 0.1                                                31 ± 0.2                                          2.22 ± 0.05                                                                7.9                                                                              6.1 ± 0.1                                                                 9.3 ± 0.2
  αS269I (adult, mouse)             67 ± 0.2                                                35 ± 0.3                                          1.68 ± 0.06                                                                5.9                                                                              8.4 ± 0.2                                                                 14.3 ± 0.4
  βV266M (adult, mouse)             62 ± 0.2                                                32 ± 0.4                                          2.88 ± 0.13                                                                10                                                                               5.0 ± 0.2                                                                 8.8 ± 0.4
  εL221F (adult, mouse)             68 ± 0.1                                                34 ± 0.2                                          1.54 ± 0.03                                                                5.4                                                                              8.8 ± 0.1                                                                 15.0 ± 0.3
  εT264P (adult, mouse)             74 ± 0.2                                                31 ± 0.2                                          1.29 ± 0.03                                                                4.5                                                                              9.1 ± 0.1                                                                 15.0 ± 0.3
  εL269F (adult, mouse)             61 ± 0.2                                                32 ± 0.2                                          1.92 ± 0.07                                                                6.8                                                                              7.0 ± 0.2                                                                 13.0 ± 0.4
  wild-type NR1-NR2A (rat)          84 ± 0.2                                                22 ± 0.3                                          0.96 ± 0.02                                                                3.3                                                                              7.9 ± 0.1                                                                 12.8 ± 0.3

Single-channel conductance in a nominally Ca^2+^-free extracellular solution containing the following (in mM): 150 NaCl, 1.7 MgCl~2~, and 10 HEPES/KOH, pH 7.4. MgCl~2~ was omitted in the case of the recordings from rat NR1-NR2A NMDARs (see Results). This parameter, as well as γ~Ca^2+^~ and K[d]{.smallcaps}~Ca^2+^~ were estimated from the fit of the data in [Fig. 11](#fig11){ref-type="fig"} with [Eqs. 2](#fd2){ref-type="disp-formula"}--[4](#fd4){ref-type="disp-formula"}.

Single-channel conductance in the presence of saturating extracellular Ca^2+^.

Apparent dissociation equilibrium constant of Ca^2+^ from the (phenomenologically defined) cation-binding site in the channel\'s pore in the presence of 150 mM extracellular Na^+^ and, in the case of the wild-type and mutant AChRs, 1.7 mM extracellular Mg^2+^. The values are expressed in terms of activity.

Apparent dissociation equilibrium constant of Ca^2+^ expressed in terms of concentration.

Single-channel conductance of the Ca^2+^-carried component of the total currents in the presence of \[Ca^2+^\]~o~ = 1.8 mM, calculated by dividing [Eq. 4](#fd4){ref-type="disp-formula"} by voltage. Errors were calculated by propagating the errors of the appropriate variables in [Eq. 4](#fd4){ref-type="disp-formula"}, assuming that these are independent of each other, and that they are normally distributed.

Fractional contribution of the Ca^2+^ current to the total current in the presence of \[Ca^2+^\]~o~ = 1.8 mM, calculated using [Eq. 5](#fd5){ref-type="disp-formula"}. Errors were calculated by propagating the errors of the appropriate variables in this equation, assuming that these are independent of each other, and that they are normally distributed.

![I-V curves recorded in the cell-attached configuration at different values of extracellular \[Ca^2+^\]. The color code is the same for all panels and is shown in A in terms of Ca^2+^ concentration (\[Ca^2+^\]~o~), rather than Ca^2+^ activity ( *a*Ca~o~^2+^ ). In all cases, the pipette solution also contained 150 mM NaCl (and 10 mM HEPES/KOH, pH 7.4), but only in the case of the wild-type and mutant AChRs did it also contain 1.7 mM MgCl~2~. The pipette solution used for recordings from the NMDAR was nominally Mg^2+^ free. Recordings from the NMDAR displayed occasional sojourns in an open-channel level of lower conductance, which were excluded from the analysis. Measured current values were fitted as a function of both voltage and *a*Ca~o~^2+^ using [Eqs. 2](#fd2){ref-type="disp-formula"}--[4](#fd4){ref-type="disp-formula"}, and the values of the estimated parameters are listed in [Table II](#tbl2){ref-type="table"}. Hence, the plotted continuous lines are not linear fits to the individual I-V curves. For data fitting, \[Ca^2+^\]~o~ values were expressed as the corresponding Ca^2+^ activities following the work of [@bib9]. Before being fitted, each I-V relationship was displaced along the voltage axis so that it extrapolates to the origin; this was needed to apply [Eqs. 2](#fd2){ref-type="disp-formula"}--[4](#fd4){ref-type="disp-formula"}. Each panel was fitted independently. The total number of current-voltage- *a*Ca~o~^2+^ data points in each panel was: 496 in A, 657 in B, 507 in C, 490 in D, 420 in E, 557 in F, 444 in G, 532 in H, and 409 in I.](JGP_200810089_RGB_Fig11){#fig11}

![Representative single-channel cell-attached current traces recorded at different values of extracellular \[Ca^2+^\]. (A) Adult mouse wild-type AChR. (B) Adult mouse AChR harboring the εL269F mutation. In addition to the indicated concentration of Ca^2+^ (as CaCl~2~), the pipette solution also contained the following (in mM): 150 NaCl, 1.7 MgCl~2~, and 10 HEPES/KOH, pH 7.4. Applied potential = −100 mV (negative inside the cell). \[ACh\] ≅ 1 µM. Display *f*~c~ ≅ 6 kHz. The zero-current level is indicated on each trace with a dotted line.](JGP_200810089_LW_Fig12){#fig12}

![Dependence of single-channel conductance on extracellular Ca^2+^. The dataset in [Fig. 11](#fig11){ref-type="fig"} is replotted here to better appreciate the quality of the fit of the current-voltage- *a*Ca~o~^2+^ data with [Eqs. 2](#fd2){ref-type="disp-formula"}--[4](#fd4){ref-type="disp-formula"}. The symbols correspond to the slopes of the individual I-V curves in [Fig. 11](#fig11){ref-type="fig"}, whereas the continuous lines are the computed values of [Eq. 2](#fd2){ref-type="disp-formula"} (divided by voltage) using the estimated parameters in [Table II](#tbl2){ref-type="table"}. For most data points, the error bars (standard errors estimated from linear fits to the individual I-Vs) are smaller than the symbols. The points corresponding to zero extracellular Ca^2+^ are, naturally, absent from this type of logarithmic display. Note that the \[Ca^2+^\]~o~ is given in terms of both activity (bottom axes) and concentration (top axes), although only *a*Ca~o~^2+^ values were used for the fits in [Fig. 11](#fig11){ref-type="fig"}.](JGP_200810089_LW_Fig13){#fig13}

![Dependence of fractional Ca^2+^ currents on extracellular Ca^2+^. [Eq. 5](#fd5){ref-type="disp-formula"} was computed for the different constructs using the estimated parameters in [Table II](#tbl2){ref-type="table"}. The vertical dashed line indicates the physiological value of \[Ca^2+^\]~o~ = 1.8 mM. For clarity, the data corresponding to two of the AChR mutants (εL221 and εL269F) are omitted from this plot.](JGP_200810089_RGB_Fig14){#fig14}

The "one-ion one-site" notion (on which [Eqs. 3](#fd3){ref-type="disp-formula"} and [4](#fd4){ref-type="disp-formula"} are based) is not merely an assumption. Rather, such a model fits the data satisfactorily, suggesting that no further sophistication is needed, at least to describe the type of I-V data shown in [Fig. 11](#fig11){ref-type="fig"}. Furthermore, in the assayed voltage range, the individual I-V relationships deviate only slightly from straight lines, which justifies our treatment of the single-channel conductances as voltage-independent parameters.

Finally, our approach assumes that the recorded I-V relationships ([Fig. 11](#fig11){ref-type="fig"}) extrapolate to the origin regardless of the particular value of the Nernst potential for Ca^2+^. Indeed, according to [Eq. 4](#fd4){ref-type="disp-formula"}, *i*~Ca~ = 0 at *V* = 0 at all *a*Ca~o~^2+^ values, which leads to an expression for the fractional Ca^2+^ current that is independent of voltage ([Eq. 5](#fd5){ref-type="disp-formula"}). This expression seems, in principle, at odds with the expected voltage dependence of the fractional Ca^2+^ currents. For example, in the presence of an asymmetrical distribution of Ca^2+^ across the membrane, and a symmetrical distribution of monovalent cations and Mg^2+^, the fractional Ca^2+^ current must be unity at zero voltage (that is, at the reversal potential of the current carried by the mixture of monovalent cations and Mg^2+^), and zero at the Nernst potential for Ca^2+^. Then why are we neglecting this effect of the voltage?

The currents in the I-V plots of [Fig. 11](#fig11){ref-type="fig"} can be regarded as the sum of two components, namely, the current carried by Ca^2+^ and that carried by monovalent cations and Mg^2+^. Because, in these cell-attached experiments, monovalent cations and Mg^2+^ were distributed rather symmetrically across the membrane, the current carried by these ions reverses at, approximately, zero voltage. Ca^2+^, on the other hand, was (under most ion conditions) more concentrated on the extracellular side of the membrane, and hence, the Ca^2+^-carried component of the total current must reverse at positive potentials. As a result, the "net" I-V plots are expected to reverse at a potential that is intermediate between zero and the corresponding Nernst potential for Ca^2+^. Although these cell-attached I-V curves did not display any marked deviation from linearity in the voltage range tested, this off-zero reversal potential may manifest as a displacement of the I-V straight line along the voltage axis in the depolarizing direction. Evidently, the larger this displacement is, the more invalid the expressions in [Eqs. 4](#fd4){ref-type="disp-formula"} and [5](#fd5){ref-type="disp-formula"} are. To quantify this phenomenon in the most unequivocal manner possible, we recorded single-channel I-V curves in the outside-out configuration in the presence of (saturating) 100 mM Ca^2+^ on the extracellular side and a nominally Ca^2+^-free solution on the cytoplasmic side of the channel (both solutions also contained 150 mM NaCl and 1.7 mM MgCl~2~; [Fig. 15](#fig15){ref-type="fig"}). This asymmetrical distribution of Ca^2+^ across the membrane mimics the most asymmetrical ion condition assayed in the cell-attached experiments illustrated in [Fig. 11](#fig11){ref-type="fig"} (with the exception of the cell-attached recordings from the fetal-type AChR, in which case the highest \[Ca^2+^\]~o~ was 200 mM). It should be noted here that the voltage-axis intercepts of cell-attached I-V plots are not very informative because of the uncertainty as to the exact value of the cell\'s membrane potential, which is not necessarily zero even if, as was the case for these experiments, the cells are bathed in an isotonic KCl-based solution. [Fig. 15](#fig15){ref-type="fig"} shows that, in the outside-out configuration and with a 100-mM outside/nominally free inside Ca^2+^ gradient, the projection of the (linear) I-V curve crosses the voltage axis at ∼+18 mV. That is, at any hyperpolarized potential, the current (carried exclusively by Ca^2+^, at this saturating Ca^2+^ concentration) is larger than it would be if the I-V curve crossed the voltage axis at the origin. Because 100 mM is higher than the \[Ca^2+^\]~o~ values used for most other I-V curves shown in [Fig. 11](#fig11){ref-type="fig"}, this 18-mV rightward displacement of the I-V relationship represents an upper bound. In other words, the voltage shift corresponding to the Ca^2+^ component of the total current is expected to be much smaller at most other values of \[Ca^2+^\]~o~ tested, and certainly at the physiological value of 1.8 mM. It can be seen, then, that the lower the \[Ca^2+^\]~o~ and the more hyperpolarized the membrane potential, the more valid [Eq. 4](#fd4){ref-type="disp-formula"} (and thus, the more negligible the voltage dependence of the fractional Ca^2+^ current). We conclude that, if anything, by assuming the validity of [Eq. 4](#fd4){ref-type="disp-formula"} at all voltages and \[Ca^2+^\]~o~ values, our approach may somewhat underestimate the contribution of physiological Ca^2+^ to the total cation current at physiological membrane potentials.

![I-V curves recorded in the outside-out configuration in the presence and absence of Ca^2+^ on the extracellular side. I-V curves from the εT264P mutant were recorded with (in mM) 150 NaCl, 1.7 MgCl~2~, and 10 HEPES/KOH, pH 7.4, bathing both sides of the channel. Red symbols correspond to the curve recorded in the additional presence of 100 mM (concentration) Ca^2+^ on the extracellular side (data from three patches). At this saturating concentration of Ca^2+^, the inward currents are almost exclusively carried by Ca^2+^. Black symbols correspond to the curve recorded in the absence of added Ca^2+^ (data from three patches). The projections of the straight lines fitted to the plots (dashed lines) intercept the voltage axis at zero (no Ca^2+^ added) and +18 mV (\[Ca^2+^\]~o~ = 100 mM), as expected from a nonselective cation channel with measurable permeability to Ca^2+^. The value of the reversal potential at \[Ca^2+^\]~o~ = 100 mM, however, may well be more depolarized than the indicated intercept. The slopes are (69.8 ± 0.8) pS at \[Ca^2+^\]~o~ = 0 and (30.6 ± 0.6) pS at \[Ca^2+^\]~o~ = 100 mM. The displacement along the voltage axis of the Ca^2+^-carried component of the total current at the physiological value of \[Ca^2+^\]~o~ = 1.8 mM (and in the presence of Na^+^ and Mg^2+^) is expected to be much smaller than that at \[Ca^2+^\]~o~ = 100 mM. In these outside-out experiments, the reference Ag/AgCl wire was connected to the bath solution through an agar bridge containing 200 mM KCl. Liquid-junction potentials were corrected as described previously ([@bib5]; [@bib4]).](JGP_200810089_RGB_Fig15){#fig15}

Our estimate of the fractional Ca^2+^ current through the muscle AChR (be it human or mouse, fetal or adult type, wild type or mutant) is in the ∼10--20% range ([Table II](#tbl2){ref-type="table"}), which is higher than values previously reported in the literature using the simultaneous measurement of whole cell currents and Ca^2+^ influx, under comparable ion and voltage conditions ([@bib61]; [@bib50]; [@bib25]). To investigate whether our single-channel method systematically overestimates the contribution of Ca^2+^ to the total currents, we estimated the fractional Ca^2+^ current through the rat NMDAR composed of NR1 and NR2A subunits also transiently expressed in HEK-293 cells, but in the nominal absence of external Mg^2+^ to avoid channel block ([@bib1]). We chose this receptor as a control because the fraction of the current carried by Ca^2+^ has been investigated in detail for this channel, perhaps more thoroughly than for any other nonselective cation channel. Analysis of the data in [Fig. 11 I](#fig11){ref-type="fig"} yielded the corresponding ion-conduction parameters ([Table II](#tbl2){ref-type="table"}), which lead to the estimates of ∼7.9 pS for the Ca^2+^-carried conductance at \[Ca^2+^\]~o~ = 1.8 mM and of ∼13% for the corresponding fractional Ca^2+^ current. The value of the fractional Ca^2+^ current is in excellent agreement with those measured by Neher, Sakmann, and coworkers (11%; [@bib8]), Wollmuth and coworkers (13.5%; [@bib39]), and Egan and Khakh (14%; [@bib21]) applying the fluorimetry/patch clamp approach under virtually identical ion and voltage conditions to the same NMDAR subunit combination expressed in the same cell line. Thus, although the reasons for the discrepant estimates of the fractional Ca^2+^ currents in the case of the muscle AChR remain a puzzle, the close agreement in the case of the NMDAR is highly reassuring. As mentioned above, the difficulties associated with the combined whole cell current/Ca^2+^-influx measurements have long been recognized ([@bib63]; [@bib53]; [@bib56]).

DISCUSSION
----------

### AChR Desensitization during Deactivation: Impact on In Vivo Function and on Structure--Function Relationships

Here, we showed that the response of a panel of slow-channel syndrome AChR mutants to pulses of ACh of nearly physiological duration and delivered at physiological frequencies diminishes along the trains in a manner that is consistent with the AChR entering desensitized conformations upon ACh removal. It is difficult, however, to predict the extent to which this decremental response contributes to the patients' impaired neuromuscular transmission without further experiments. This difficulty arises from the fact that, in an outside-out experiment, the entire population of receptor channels in the patch is exposed to each pulse of ACh, whereas, in the intact neuromuscular junction, only a subset of the postsynaptic receptors is thought to interact with the quanta released upon the arrival of each action potential ([@bib35]; [@bib55]; [@bib3]). Because it is unlikely that exactly the same subset of AChRs is activated every time ACh is released from the motor neuron (that is, the subsets of successively activated receptors are unlikely to overlap fully), the frequency at which each individual AChR is exposed to ACh during synaptic transmission must, inevitably, be lower than that of the train of incoming action potentials. And because the extent of depression is frequency dependent ([Fig. 6](#fig6){ref-type="fig"}), lower frequencies mean less depression. However, the exact extent to which subsets of AChRs activated by successive ACh pulses overlap in vivo, and thus the "effective" frequency at which each AChR is activated, remains unknown; hence the need for further experiments under conditions that recreate synaptic transmission more closely than a fast-perfused outside-out patch of membrane. It is worth mentioning here that synaptic depression due to receptor desensitization during deactivation (that is, upon neurotransmitter removal) has been proposed to play a physiological role in several central glutamatergic synapses ([@bib59]; [@bib46]; [@bib60]; [@bib11]). Therefore, in the absence of further information, we would not rule out the occurrence of this phenomenon during neuromuscular transmission in slow-channel syndrome patients.

What can be said without a doubt, however, is that the observed decremental response of slow-channel AChRs to repetitive stimulation is not predicted by the type of kinetic schemes that have been used, thus far, to understand what is wrong with these receptors. These kinetic models ignore desensitization as a pathway for burst termination, and thus, are likely to be misleading. For example, let us consider a hypothetical mutation that increases the gating equilibrium constant by a factor of ∼50 (that is, ΔΔG^o^ ≅ 2.3 kcal mol^−1^, not an uncommon finding) and does not affect the kinetics of ACh association to and dissociation from the transmitter-binding sites or the kinetics of entry into and recovery from desensitization. Let us further suppose that the mutation occurs at a position of the protein such that the 50-fold increase in the CA~2~ ⇌ OA~2~ equilibrium constant results in an opening rate constant that is faster than the wild type\'s by a factor of ∼3, and a closing rate constant that is slower by a factor of ∼17 (as would be the case for a mutation at a site of the protein with a Φ-value of ∼0.3; [@bib33]; [@bib30]). Hence, taking mouse muscle, adult wild-type values ([@bib54]; [@bib32]; [@bib22]) of 50,000 s^−1^ for the diliganded AChR opening rate constant (that is, β~2~ in [Fig. 1](#fig1){ref-type="fig"}), 2,000 s^−1^ for the diliganded AChR closing rate constant (α~2~), 50,000 s^−1^ for the ACh-dissociation rate constant from the diliganded closed receptor (2k~--~), 10 s^−1^ for the ACh-dissociation rate constant from the diliganded open receptor (2j~−~), and 25 s^−1^ for the rate of entry into desensitization (D~+~), the mean duration of a burst of ACh-diliganded openings for this hypothetical mutant would be ∼15.5 ms (calculated using [Eq. 1](#fd1){ref-type="disp-formula"}) instead of the ∼34-ms duration (calculated using the expression (1+β~2~/2k~−~)/α~2~ ) that would be expected from such a channel if entry into desensitization (and, to a much lesser extent, ACh dissociation from the open state) did not contribute to the termination of bursts. It is difficult, then, to envision how the estimates of rate constants obtained from kinetic analysis of electrophysiological data (and, perhaps more importantly, the mechanistic insight derived from them) could be correct when desensitization is not explicitly included in the kinetic models, especially as the gain-of-function phenotype becomes more pronounced. The reason why desensitized states have generally been omitted is not entirely clear to us, but we surmise that this might have to do with the fact that the effect of desensitization on burst termination is much less obvious during the steady application of agonist that occurs in (the much more common) cell-attached experiments than upon the application of trains of agonist pulses (our [Fig. 4](#fig4){ref-type="fig"}, for example). This highlights the extreme importance of analyzing kinetic data obtained under both equilibrium and nonequilibrium conditions. Evidently, meaningful structure--function relationships hinge on the use of adequate kinetic models.

Finally, we would like to emphasize that earlier work with the muscle AChR has firmly established that patch excision does not affect the kinetics of this channel, at least not to a degree that would invalidate the conclusions from our outside-out experiments. For example, a comparison of the mean duration of bursts of diliganded openings estimated from cell-attached single-channel recordings and of the deactivation time constants estimated from outside-out concentration-jump experiments (like those illustrated here in [Figs. 3 A](#fig3){ref-type="fig"} and [8 A](#fig8){ref-type="fig"}), for the wild-type and several mutant AChRs, revealed a close correspondence between these two sets of values (see [Fig. 2 B](#fig2){ref-type="fig"} in [@bib22]). If anything, the mean durations estimated from cell-attached experiments turned out to be a little longer for some of the constructs, suggesting that the contribution of desensitization to the time course of deactivation could be even more pronounced if the integrity of the cytoplasm were preserved.

### Ca^2+^ Currents through the Muscle AChR: New Method, New Results

In this paper, we addressed the issue of the Ca^2+^ permeability through the AChR using a simple, yet novel electrophysiological approach. Our method relies on single-channel recordings, requires far fewer controls and calibrations than the combined use of whole cell current and intracellular Ca^2+^ measurements ([@bib58]; [@bib43]; [@bib63]; [@bib61]; [@bib56]), and does not resort to the calculation of permeability ratios from reversal-potential estimates (using the Goldman-Hodgkin-Katz voltage equation). Indeed, making physical sense out of *P*~Ca^2+^~ / *P*~X~ permeability ratios in terms of fractional Ca^2+^ currents or the single-channel conductance of the Ca^2+^-carried component of the total currents, under physiological ion and voltage conditions, is seldom straightforward.

A comparison of the values in the two rightmost columns of [Table II](#tbl2){ref-type="table"} among the different wild-type and mutant AChRs tested indicates that the differences are small. This is particularly clear if we focus our comparison on the values of the "physiological Ca^2+^ conductance" (rather than on the less physiologically relevant fractional Ca^2+^ currents) and consider the additional layer of complexity that variable levels of protein expression contribute to the problem of the amount of Ca^2+^ entering the postsynaptic cell upon channel activation. This result suggests that the increased influx of Ca^2+^ through the slow-channel mutants examined here would be due, mainly, to the slower decay of the endplate currents that they mediate, rather than to an increased ability of these channels to conduct Ca^2+^.

Also, quite unexpectedly, we found that the muscle AChR conducts nearly as much Ca^2+^ as the NR1-NR2A NMDAR, with Ca^2+^-specific conductance values of 7.5, 9.4, and 6.1 pS for the fetal mouse, adult mouse, and adult human AChRs, respectively, and 7.9 pS for the NMDAR ([Table II](#tbl2){ref-type="table"}). This is remarkable because previous studies on the muscle-type AChR have reported much lower values (for example, [@bib18]; [@bib61]), which contributed to the idea that the NMDAR is the largest source of neurotransmitter-gated Ca^2+^ entry into the cell. It is, thus, intriguing to ponder that cation permeation through the muscle AChR might play a physiological role in phenomena other than motor-endplate depolarization, just as is the case for the NMDAR in central synapses. It would be interesting to apply our method to the AChR subtypes that are expressed in nonmuscle tissues, where the effect of AChR-mediated cytosolic Ca^2+^ elevation on neurotransmitter release (in presynaptic neurons; for example, [@bib42]) and on the pathogenesis of cancer (in several epithelia; for example, [@bib10]) has been documented.

The similarities between the muscle AChR and the NMDAR (as far as their divalent cation permeation properties are concerned) do not extend much beyond their nearly identical Ca^2+^-conduction rates, though. Whereas the NMDAR discriminates strongly between Ca^2+^ and Mg^2+^, in a way that defines this receptor channel\'s physiological role, it makes hardly a difference to the muscle AChR whether it is Ca^2+^ or Mg^2+^ that is going through.
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